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INTRO DUCTION 
The accurate estimation of diphtheria antitoxin in blood 
is essential for the evaluation and investi gation of antito-
xic immunity in diphtheria. 
There are several methods for the estimation of diph-
theria antitoxin. One of these, the flocculation method of 
Ramon (13), is carried out in vitro. It is usually employed 
when estimating the antitoxin content of therapeutic serums, 
which have been produced in the horae. The other methods 
involve the use of laboratory animals. There are three essen-
tial testa: modifications of the Ehrlich's subcutaneous guinea 
pig method (13); Roemer's intracutaneous guinea pig method (17); 
and the intracutaneous rabbit method (13). All these methods 
employing laboratory animals depend on the neutralization of 
standard amounts of toxin by the serum under test when both 
are injected as mixtures either subcutaneously or intracuta-
neoualy into a susceptible animal. 
In the classical method of Ehrlich (13) the guinea pig 
is the test animal, and the teat dose of toxin originally em-
ployed was 1 Lf dose. Since this dose requires an antitoxin 
dose larger than 1 unit f or its neutralization tbe method 
became unsuitable when amounts smaller than 1 unit had to be 
estimated. By using f ractions of the L~ for the test dose the 
evaluati on became very inaccurate. The greatest inaccuracy 
resulted when test doses of less than 0.1 Lr dose were employed. 
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Therefore a modi f ication of the Dlrlich 's method was necessa-
ry when the det er minati on of small fractions of a unit of 
antitoxin was desired. 
In 1909 Roemer (17) observed that by inj ecting guinea 
pi gs intracutaneously with small amounts of diphtheria toxin 
a temporary reaction witb swelling and redness at the site of 
injection was produced. This r eaction proved to be charact e-
ristic and specific as it could be neutralized with corres-
ponding amounts of antitoxin. To determine the antitoxin con-
tent o f an unknown serum a num ber o f mixtures were inj e cted 
(in 0 .1-ml volumes for each inj e ction) composed of decreasing 
amounts of this unknown serum and a constant amount of a 
known diphtheria toxin. vfuen the indirect value of the toxin 
was known, a.ntitoxin contents could be evaluated from the 
size and appearance of the reactions that were produ ced in 
the guinea pi g 's skin. 
Although Roemer's method proved to be of gr eat value it 
possessed several disadvantages. Since antitoxin estimations 
were based on qualitative observati ons, extreme di f ficulty 
was encountered in the es t imation of small amounts of anti-
toxin, unless p erformed by a s killed worker. Guinea pigs 
over 400 g had to be used to obt a in constant results. The 
s k in o f such large guinea pigs was o !'t en tough and not sui table 
for injections, and th e s kin s ensitivity varied locally in 
tb e same animal. There f ore the guinea pig was not an ideal 
t est a nimal. 
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Fraser and Wigham (5,6), in 1Y24, suggested. t:he use of' 
rabbits pointing out that th e s k in of rabbits was mu ch more 
sensitive to diphtheria t oxin than t.hat o f g uinea pi gs. The 
presence o .t' as little as 1/20,000 of a unit o f antitoxin per 
ml of ~erum could be demonstrated. The individual variations 
between the s k in r eactions of different animals we re smaller, 
and over 40 toxin-anti toxin mixtures c ou.ld be injected into 
the s k in of one rabbit. Fraser's technic was fundam entally 
similar to that introduced by Roemer, and a detailed descrip-
tion was published b y Jensen (13,14), in 1933. One tenth 
milliliter was alwa ys injected. The reactions were r e ad at 
di f ferent time intervals within seventy-two to ninety-six 
hours. 
Although the intracutaneous rabbit method gives excellent 
results it is costly as it entails the u s e of an expensive 
test animal; it is slow, one t est lasting up to four days; 
and requires rather large volumes o :f serum, which are diffi-
cult to obtain when repeated bleedings are necessary. 
In the course of thes e observations many attempts were 
made to develop an in vitro procedure f or the assay of diph-
th eria antitoxin. 
In 1951 Boyden (2) reported that washed sheep red blood 
cells treated with dilute solutions (1:20,000 dilution) of 
tannic acid can adsorb different proteins, and that cells s o 
treated are a gglutinable by the antiserums specific for t he 
adsorb ed protein. Agg lutination was always observed in the 
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higher concentrations of the antiserums, but not in th e 
lower concent rations nor in any of the t ubes containing the 
material used as the diluent. Boyden's studies in particu-
lar dealt with serums of tuberculous patients and rabbits 
immunized with tubercle bacilli, employing sheep red cells 
and. tuberculin P .• P.D. (\'ieybridge) as the antigen. 
In 1952 Fisher {7) described a similar method for the 
estimation of diphtheria antitoxin in a. variety of human and 
animal serums. He showed that diphtheria toxin, but not toxoid 
could be adsorbed onto sheep red cells, which had been trea-
ted with a 1:25,000 dilution of tannic acid. By comparison 
of the hemagglutination titers with intradermal antitoxin 
ti trations in rabbits he showed that the hemagglutination 
titer was a measure of the antitoxin cont ent. By his method 
the lowest detectable titer corresponded to an antitoxin con-
tent of 0.0078 units per ml of serum. Stavitsky (19,20), in 
1953, using tannic acid treated toxoid-conjugat ed sheep red 
cells detected 0.0015 units of horse and 0.00006 of rabbit 
antitoxin in serums of horse and rabbit immunized with diph-
theria toxoid. Th e difference between Fisher's and 3tavitsky's 
results might have been due to t he use of a more purified 
toxoid by Stavitsky whereas Fisher employ ed crude toxin. 
Since Boyden's studies the hemagglutination technic has 
been adapted for titrations of various antiprotein serums. 
The following investigation deals with the application of 
thi s method (essentially Boyden's) to the measurem ents of 
• 
q.Jphtheria antitoxin in human serums obtained before and 
after a s econdary immunization with a small dose of diph-
theria t oxoid using th e hemagglutination reaction as the 
measure of the actual concentration of antitoxin in a 
serum. 
vii 
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MATERIALS AND MEr HODS 
Red cells 
Human red blood cella were employed in hemagglutination 
tests. The cells were either from Red Cross blood~~ , which 
was preserved sterile in A.C.D. ** solution, or fro m fresh 
blood collected aseptically in Alsever's solution. One milli-
liter of Alsever's solution was added to each 10 ml of blood 
at the time of collection. The blood was kept sterile at 4 C 
until use. Fresh blood was kept from three to five days before 
use, and thereafter was used within three weeks. The Red Cross 
blood, which usually was outdated and over three weeks old 
when obtained, had to be used within one to two weeks. 
Artti ge~ 
The antigens used for hemagglutination tests included 
human albumin, egg albumin and various lots of diphtheria 
toxoid. Human: albumin*** contained 25 mg of albumin per ml. 
The egg albumin bad been recrystallized three times, and 
contained 10 mg of albumin per ml. The diphtheria toxoids**** , 
numbered as Pr 54, 55,59, 65, 67 and 57, were fluid toxoids 
prepared for diphtheria-immunization purposes from crude 
* Kindly supplied by the Blood Bank of Massachusetts Memo-
rial Hospitals. 
** Acid citrate dextrose solution. 
*** Made by t he Massachusetts Department of Public Health 
Biologic Laboratori es. 
**** Supplied through courtesy of Dr. L. Levine of the 1-iassa-
chusetts Department of Public Health Biologic Laboratories. 
toxoids obtained as detoxified culture filtrates. Proteins 
of the crude toxoids had been purified by three-step salt 
fractionation with strong solutions of ammonium sulfate 
according to the method of Levine et al (16). The purity 
of the toxoids PT 54, 55, 59, 65 and 57 was within a rang e 
of 72-87 per cent, containing 2750, 1775, 1075, 750, 875 
and 1350 Lf units per ml respectively. 
Antiserums 
Homologous antiserums were employed. They were as 
follows: horse anti-human albumin, rabbit anti-egg albumin, 
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a standard diphtheria antitoxin containing 500 units per ml 
and human serums from 7 normal subjects obtained before and 
after booster immunization with diphtheria toxoid. Blood 
samples were taken aseptically and serums separated by ste-
rile technic. These sterile serums were stored at 4 C without 
the additi on of antiseptics and without inactivation. 
Serum diluents 
Antiserums to be titrat ed b y the hemagglutination technic 
usually were diluted in 1:100 normal rabbit serum in physio -
lo g ic saline - 0 .~5 per cent NaCl in distilled wat e r - as 
recommended by Boyden (2). The normal rabbit serum was to 
serve as a stabilizing a gent for tannic acid-treated r ed cells 
to rule out nonspeci f ic agglutination as obtained with saline 
alone . Two normal rabb its were ble d from the heart. Serums 
were separated aseptically by centrifugation and pooled. They 
were stored at 4 C without addition of any antiseptics. The use 
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of other d.iluents in place of normal rabbit serum, such as 
human albumin and normal horse serum, was unsuccessful as 
these diluents gave nonspecific agglutination with either 
tannic acid-treated or protein- sensitized cells in controls. 
For convenience, future reference to the normal rabbit 
serum will be noted simply as N.R.S. 
PREPARATION OF REAGE!-lTS FOR HEMAC':rGLtn'INATICN REACTION 
Red blood cells 
At the beginning of each day a portion of blood was 
removed with sterile technic. The cells were suspended in 
approximately 10 volumes of physiologic saline and washed 
3 times by centrifugation at 2,000 r.p.m. for five minutes. 
If the last supernatant was not clear but showed hemolysis, 
the cells were discarded because they were found to bee too 
fragile for the later treatment. This usually was the case 
when cells over three weeks old were employed. One milliliter 
of the washed packed cells was then diluted with 40 ml 
buffered saline of pH 7.2 to obtain a 2.5 per cent suspen-
sion. Suspensions prepared in this manner were treated with 
dilute tannic acid. As a rule they were used within a period 
of eighteen to twenty-four hours. 
Buffered saline 
Two kinds of buffered saline were employed in ~he hem-
agglutination procedure, a pH 7.2 buffered saline, and the 
other buffered at pH 6.4. The pH 7.2 buffered saline was made 
by mixing 100 ml of' physiolo gic saline and 100 ml o!' pH 7.2 
bu1'fer solution consisting of KH2P04 and Na2HP04 • A pH 7.2 
buffer solution usually was made o f 23 ml of 0.15 M KH2P04. 
and 77 ml o f 0.15 M Na2HP04. 
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The pH 6.4 bu:t'fered saline was . prepared by mixing 100 ml 
of saline and 100 ml of a pH 6.4 bu t'fer composed of 32 ml 
o f 0.15 M Na2HP04 and 6e ml of 0.15 !-1 KH2P04. The pH was 
checlred on a pH meter and adjusted as necessary with either 
0 .15 M Na2HPO 4 or KH2 P04. 
Tannic acid treatment 
r~erck'a ("reagent grade 11 ) tannic acid diluted with 
physiologic saline was used routinely for the treatment of 
red cells. Mallinckrodt tannic acid was used on several occa-
sions and gave id.entical results. A fresh tannic acid solution 
was prepared for each day. One tenth gram of tannic acid was 
dissolved in 100 ml of saline and saline added to give a 
final dilution of 1:25,000. One volume of' this tannic acid 
solution was added to an equal volume of 2.5 per cent red-
cell suspension in pH 7.2 bu:rfered saline, and the mixture 
was incubated in a water bath at 37 C for ten minutes. After 
the incubati on the cells were sedimented gently in the centri-
fuge at 1,000 r.p.m. ro r three minutes and washed twice with 
pH 7. 2 · buf'1:·ered saline. They were resuspended in one volume 
of physio logic saline to give the 2.5 per cent suspension as 
in the beg inning of ~he procedure. 
Sensitization of tannic acid treated red cells 
One volume of the 2.5 per cent suspension of tannic 
a cid tre ated r ed-cells was added to 4 volumes of pH 6.4 
buf f e red saline cont a ining the protei n anti g en. The total 
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volume alwa ys contained the desired concentration of anti g en 
p e r ml. d ince 25 Lf of diphtheria toxoid was found to be the 
optimal sensitizing dose for diphtheria antitoxin titrations 
(s e e Table I), according to the usual procedure 4 ml of 2.5 
p e r cent tannic acid treated red-cell suspension was added 
to 16 ml pH 6.4 buffered saline containing 31.25 Lf of the 
toxoid. The total volume of 20 ml was to contain 25 Lf units 
of diphtheria toxoid p e r ml. Five milli grams p e r ml of e gg-
albumin and human-albumin were us ed. Such tannic acid treated 
r e d-cell and protein anti g en mixtures we re incubated for ten 
minutes at room temperature. The cella were then centrifuged 
gently at 1,000 r.p.m. for three minut e s and washed once with 
1:250 N .R .S . in saline. The protein sensitized red-cells 
were then resuspended in one v olume o f 1:250 N.R.S. in order 
to yield a 2.5 per cent suspension. 
Hemagglutination r eaction 
Since preliminary experiments showed that both tannic 
acid treated- and sensitized cells were susceptible to lysis 
in the presence of complement, , all antiserums that were to be 
titrated by the hemag glutination technic and the normal rabbit 
serump sed for diluent were inactivated before use in a wat er 
bath at 56 C for one half hour. Because Group 0 human red 
cells and human serums were used in th e experiment, adsorp-
tion of the test serums with red-cells was omitted. Serial 
twofold dilutions of the inactivated tes t s erums \'J ere pre-
pared in physiolo gic saline containing 1 per cent N.R.S . as 
th e stabilizing a gent. Dilutions were made in standard 
Wassermann tubes (9-10 mm inside diameter ) so that each 
tube contained 0.5 ml of th e diluted antiserum. This was 
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done as follows: 10-13 Wassermann tubes were set up in a rack 
and 0 .5 ml of the diluent was pipetted into each tube, except 
the first tube. Five tenth millilit e r of the firs t dilution 
o f the antiserum was then pipetted into th e first and s econd 
tubes. Aft er a good mixing obtained by the pulling up the 
dilut ed material into a pipet for several times, 0.5 ml of 
this material from th e second tube was transferred to the 
third tube. The same procedure was then r epeated for each 
tube in th e row. Five tenth milliliter o f t he las t dilution 
was discarded. If hemagglutination t ests were run in duplicate 
or triplicate, which was o f'ten the case, the serial t wofold 
dilutions were prepared in bul k and distributed to each tube 
in a row o f tubes in 0.5 ml amounts. Five hundredth milliliter 
(equivalent to one drop) of t h e protein s ensi t ized r ed-cella 
were then added to each of the dilutions. Suitable controls 
were incorporat ed each time the reaction was done. Three sepa-
rate controls were used, which included suspensions of protein-
s ensi t ized cells with dilutions o f a known positive and a 
kno wn negative serum and the serum diluent (1:100 N.R.S .); 
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suspensions of tannic acid-treated cella with a few dilutions 
(always including the f irs t dilution) of the same positive 
and negative serum, the serum under test and the diluent. 
Corresponding controls were set up with normal untreated red 
cella. The tubes were shaken immediately after the addition 
of r e d cella and allowed to settle undisturbed at room tempe-
rature. Fbr comparison of methods with Boyden (2) and Landy (15) 
one set of tubes was incubated at 4 C. In comparison of hem-
a gglutination titers and the form of hemagglutination patterns 
neither temperature was found to be consistently better than 
the o t her. Therefore the reactions g enerally were done at 
room temperature. Reactions we re read twice, at the end of 
three hours and again on the f ollowing morning. 
Reading of hemagglutination reactions 
Agglutination was determined by observation of t he pattern 
o r sedimented cella according to t he method described by 
3 alk (18 ) with influenza-virus hemagglutination. Sensitized 
red cella, when completely a gglutinated by specific antiserums, 
usually gave fine sedimentati on patterns that covered the entire 
bottom of the tube. Occasionally, the layer of the finely agglu-
tinated cella took a form of a granular agglutinate or an 
a gglutinate with fo lded or ragged edges. These various patterns 
were read as positive hemagglutination r eacti ons. The absence 
of specific a gglut ination was indicated b y th e f ormation of 
a ring or botton pattern by sedimented cella. Those patterns 
in rlhicb the agglutinated cells covered a smaller are a of the 
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bottom of the tube t han in a positive reaction, and had a 
narrow ring o f cells aro und th e edg e, were r ead as incomplete 
a g g lutinati on r eactions. The a gglutinated cells could b e com-
pletely redispersed by gentle shak ing of the tubes. 
The tube containing the highest dilution of th e t est 
serum and showing complete a gglutination was chosen a s th e 
end-point, and the r e ciprocal of that dilution c ons i d e r e d 
as the hemagglutinat ing titre. 
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FACTCH3 A ~ F.i'CT I NG THE SE_JSITIVITY 0 F THJ!: HE~1AGGLUl' I NA'l' I ON 
TEST 
Before proceeding with any actual investi gati o n of diph-
theria antitoxin measurements in human s e rums after a booster 
i mmunizati o n with diph t h e ria toxoid, it was d es irab le to 
e s tablish th e conditions under which h ema gglutinati on r eac-
tions would be most reliab l e and sh ow maximum sensitivity. 
Initial trials, th e re fore , were airected to ward defining th e 
optimal sensitizing dos e o f th e anti gen, d eter minati o n of th e 
optimal pH, and t he ef f ects o f differ e nt l ot s of red c e lls in 
the hema gglutination r eaction. 
Anti ge n ti t rati o n 
Tannic acid- trea'ted red cells 1-1ere subj e cted to varying 
conc e ntrations of diph t h eria toxoid to estab~ish the optimum 
f or the hemag3lutination proc e dure. Toxoids Pr 59 , 65 and b7 
were studied in particular. Th ey were dilut ed with pH 6.4 
bu :ffer e d saline to contain amo unts of 100 , 50, 25 and 12.5 Lf 
unit s p e r ml o-" 2.5 per c e nt tannic acid.-treat e d r ed c e ll-
suspension. Tbe cells s e nsitized wi th these vari ous concentra-
tions were th e n ad.ded to identical serial dilutions o f a 
k no lvn diphtheria a nti toxin. Th e t est was r e ad a nd r e corded 
in th e usual manner. The r es u lts f or the 3 toxoids are s hown 
in T a b le I. Th e hema gglutina t ion tit ers indicat ed that the 
c oncen t rati on o r th e anti g en influ~nced th e s ensitivity of 
the reaction. Those c e lls that had been tr eated with the 
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hi e;h er concentrati ons were a gglut inabl e to hi ~her titers by 
th e antitoxin. However, th e hemagg lutination titers were 
essentially the same when conc ent rations or 25 and 50 Lf 
units were used. On the basis of this f inding 25 Lf of toxoid 
p e r ml o f 2.5 per cent tannic acid-treated red cells was 
selected as a satisfactory working leve l of the antigen. This 
conc entrati on was also the optimum because it did not hemo-
lize r ea cells whereas tannic acid-treat ea cells ~aJere suscep-
tible to hemolysis when exposed to the hi gher concentrations. 
Hemolygis was most pronounced when 100 Lf was used and resul-
t e d in a considerabl e loss o f r ed cells 
Det ermination of optimal pH 
Most of t h e hemagglutination pat terns in th e early titra-
tl ons of a known diphth e ria antitoxin were o!· the granu lar 
type in which agglutinated cells had settled in a mass having 
irregular or ragged edg es . It was of int e r est to k now whether 
changes in pH of the r eaction wo u ld affect this patt e rn type 
in a way that would facilitate the reading o f r e sults. Red 
cells were treated with tannic acid and diphtheria toxoid in 
th e usual manner, and toxoid-sensi t ized cells were suspended 
in salin e buffered at pH 7.3, pH 6 ana unbuff'e red saline. 
Tannic acid-treated cells were similarly suspenaed f or c ontrols. 
The various cells we re ~rben added to the same serial ailut i o ns 
o f th e antitoxin ana the results were compared. Results a r e 
shown in Table II. Compa rative r eadings sugges t ed that a chang e 
o f the pH of the reaction, which was brough t about by the 
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addition of sensitized cells suspended in buf fered saline, 
did not alter the hemag~lutination pattern types. The ragged 
hemagglutination patterns were regularly encount ered in the 
hi gh e r dilutions of the antiserum, but not in the dilutions 
with antibody excess. 
Since tannic acid-treated cells suspended in the pH 7.3 
and pH 6 buffered saline occasionally gave nonspecific a gglu-
tination with the first dilution of the antitoxin, the un-
buf f ered saline alone was used as the diluent in f urther 
experiments. 
Red cells 
Human r e d cells were used successfully through out the 
experiment. Cells of' Group B and AB as compared with Group 0 
could be used equally well f'or titrations of the diphtheria 
antitoxin and antiserums of nonhuman origin (horse antihuman 
albumin and rabbit anti-egg albumin). Only Group 0 (Rh posi-
tive) red cells were used f or hema3glutination titrations of 
human serums. Those were usually obtained fresh and used from 
the third day up to three weeks. Rea cells, before they were 
thr e e days old, were alway s slightly a gglutinated by the dilute 
tannic acia. Such slightly a gglutinated tannic acid-cells were 
commonly the cause of nonspecific a gglutinations with dilutions 
of the antiserum in controls, and thus interfered with the 
interpretation of results. 'I' he time limit of three days was 
always observed. 
• 
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REPRODUCIBILITY OF THE HE~!A,GGLTJr iNATION TE3T 
Initial trials on the sensitivity of the hemagglutina-
tion technic by using a diphtheria antitoxin of a known 
conc entrati on (500 units per ml) indicated that 0 .00097 unit 
(0.001 rounded) per ml was the smallest amount that would 
agglutinate toxoid sensitized red cells. In a series of 
assays on th e same diphtheria antitoxin the results could 
be reproduced quantitatively provided that all factors of the 
hemagglutination technic such as the lot of red cells, the 
diluent and the sensitizing dose of th e t oxoid were kept 
identical. To determine whether th e same results could be 
obtained with other diphtheria antitoxins, 5 diphth eria anti-
toxin concentrates were assayed b y th e same procedure. They 
were numbered as 347, 349 , 356, 368 and 385* and contained 
1920, 17::0, 2620 , 3400 and 4750 units of antit oxin per ml 
respectively. During the assay they wer e treated as unknowns. 
Hemagglutinat ion t ests were performed on seri es of twofold 
dilutions inrows of 13 ~'lassermann tubes, th e first tube con-
taining a 1:5000 dilution of each concentrate. Each of the 
conc entrates was assay ed in duplicate. The r esult s a r e shown 
in Table III. The units of antitoxin p er ml at th e end-points 
(0 .00075, 0.0007, 0.00098 , 0 .0013 and 0.0087} were in good 
agreement with the results (0 .00097) obtained with diphth eria 
* Kindly supplied by the r~assachusetts Department o f' Public 
Health Biolo gic Laboratories 
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antitoxin used as the standard. The results could. be repro-
duced quantitatively by repetition of the test with two 
exceptions: antit oxin concentrates 349 and 356, which showed 
a variation of one tube at the end-points. The variation 
could be explained. on the basis of a dilution error since 
the testa were performed on highly potent concentrates. 
Similar variation at the end-points within a range of 
one tube was observed when human serums were titrated. The 
lacJc of reproducibility of a test was usually due to the use 
of different batches of red cella and alterations of these 
cells during storage. The difficulty usually could be over-
come by the utilization of cells of the same batch, and 
employing them relatively fresh. It was found desirable when 
comparing s erums from the same experiment to run them all on 
the same day a gainst the same cells. 
The lack of reproducibility of a hemagglutination test 
was occasionally caused by nonspecific agglutinations of 
tannic acid-treated cells by antiserum dilutions and the dilu-
ent. Such nonspecific agglutinations came up incidentally 
even if the red cells were of the same lot and older than 
three days when used. Effects of various diluenta in compari-
son with N.R.S. were considered in this respect. Human albu-
min and normal horse serum in dilutions equivalent to 1:100 
and 1:50 N.R.3. were set up with both the tannic acid-treated 
and th e toxoid sensitized red cells. In several trials in 
which each teat was done in triplicate, both 1:100 and 1:50 
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N.R.3. did not a gglutinate either tannic-acid or toxoid sen-
sitized cells; both dilutions of human albumin agglutinated 
tannic acid-treated, but not toxoid sensitized cells, and 
the revers e was true f or the normal horse serum. 
"'#hen possible, all hemagglutination tests, which inclu-
ded nonspecific agglutinations in controls, were eliminated 
and repeated for better results. 
COMPARATIVE TITRATION3 OF Hill'IAN SERUMS FOR 
DIPHTHERIA ANTITOXIN AFTER A BOOSTER I~~IZATION 
WITH DIPHTHERIA TOXOID 
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Diphtheria anti toxin ti tera were measured by the hem-
agglutination technic in serums of 7 normal subjects E .B., 
G.K., R. W., v.B., E.Th., J.G. and D.P. before and after 
immunizati on with a small dose of diphtheria toxoid. The 
"booster" dose administered was 1 Lf of fluid diphtheria 
toxoid in a volume of 1 ml. At the time of immunization the 
state of immunity of all 7 subjects was unl{nown. Schiel{ 
teats in order to differentiate the immune from nonimmune 
were not done as the Schick toxin could have acted as an 
immtmizing stimulus (10) and interfered with the information 
needed for the experiment. However, Schick tests had been 
carried out on 4 subjects R. W., V. B., E.Th. and D.P. within 
the previous six months, with negative results on R. W., V. B., 
E.Th. and positive on D.P. Another subject, I.P., who had 
been Schick positive and was never immunized against ~iphthe­
ria, was included in the experiment as a negative control. 
In all cases a blood sample was taken on the day of 
immunization and before the administration of the 11 booster". 
On Subject 1 (E.B.) the experiment was extended over a period 
of eighty-six days, and blood samples were taken every day 
for seven days beginning on the second day after the stimulus 
and at intervals of eighteen, forty-eight, sixty-eight and 
16 
eighty-six days thereafter. On Subjects 2, 3, 4, 5, 6 and 
7 (G.K., R.W., v.B., E.Th., J.G. and D.P.) it was advisable 
to take blood samples over a shorter time, which was from 
fourteen to twenty-four days. Accordingly, they were taken 
at intervals of four, seven, ten and fourteen days after the 
immunization. One more sample was taken on 3ubjecta 2, 3 and 
5 in twenty-four days. All serL~s were separated from the 
clotted blood and stored under similar conditions as d.eacribed 
under "methods". 
Hemagglutination teats were run twice on each of the 
serums and repeated once more if necessary. The first 7 serums 
from Subject 1, obtained over a period of eight days, were 
run simultaneously. Serums from the remaining samples were 
tested separately and within the next daya when obtained. 
The second part of the experiment included Subjects 2, 3, 4, 
5, 6 and 7. One hemagglutination test invoLved serums from 
each of the 6 subjects taken at the same bleeding. When the 
test was repeated it included the serums of all the bleedings 
from one particular subject in the experiment. Additional 
retesting of serums was needed in certain cases as will be 
described later. 
Generally, serums were titrated by aerial twofold dilu-
tions employing a 1:4 dilution for the first tube. Undiluted 
serum and, occasionally, 1:2 dilutions were used whenever 
diphtheria antitoxin titers were expected to be low. All 
hemagglutination tests included identical dilutions of a 
known immune and a known normal serum as controls. The 
hemagglutinating titres were expressed in antitoxin units 
by comparing them with a reference serum of a known anti-
toxin contents and hemagglutinating titre. 
Subject 1 
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All serums of Subject 1 including the sample obtained 
before the booster immunization gave positive hemagglutina-
tion reactions. Hemagglutinating titers showed a definite 
increase followed by a fall, and their distribution was 
characteristic of a secondary antibody r esponse. The rise in 
titer from 1:32 (before immunization) to 1:64 was noted as 
early as the third day. It was preceded by a fall to a titer 
of 1:16 noted on the second day and explained as the negative 
phase (9). The titer of 1:64 persisted for seven days after 
which there was a sharp increase up to a titer of 1:2048 on 
the eighteenth day. The peak titer was then followed by a 
slow fall to a titer of 1:256 around the eighty-sixth day. 
The hemagglutinating titers when compared to the serum 
used as a standard corresponded to 0.03 unit per ml before 
the immunization, 2 units at the time of the highest titer 
and 0.13 unit at the end of the experiment. 
Sub,,ect 2 
Similar increase in hemagglutinating titers was noted in 
serums of Subject 2. The titer before the booster stimulus was 
1:4 and the increase to a titer of 1:64 was noted in the second 
sample, which was taken on the seventh day after immunization. 
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From that time there was an increase to a titer of 1:256 on 
the tenth day; 1:512 on the fourteenth day and up to a titer 
of 1:1024 on the twenty-fourth day when the last sample was 
obtained. 
The hemagglutinating titers of 1:4, 1:64, 1:256, 1:512 
and 1:1024 corresponded to 0.004, 0.06, 0.25, 0.5 and 1 unit 
respectively when compared with the hemagglutinating titers 
of the reference serum. 
Subject 3 
The hemagglutinating titer was 1:1 (hemagglutination with 
undiluted serum) before the immunization and was followed by 
a fall to a titer of less than 1 (incomplete hemagglutination 
with undiluted serum) on the fourth day thereafter. The first 
rise to a titer of 1:4 was noted on the seventh day. A subse-
quent increase to a titer of 1:128 was determined on the tenth 
and the fourteenth days and up to a titer of 1:256 on the 
twenty-fourth day when the last sample was availa,ble. The 
respective hemagglutinating titers corresponded to 0.001, less 
than 0.001, 0.004, 0.1 and 0.25 unit of antitoxin per ml of a 
s erum. 
Subject 4 
The hemagglutinating titer was 1:32 before the immuniza-
tion and the same on the fourth day thereaft er. It increased 
sharply to a titer of 1:512 on the seventh day and subsequently 
to titers of 1:1024 and 1:2048 on the tenth and fourteenth 
days, when the last sample was obtained. 
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The hemagglutinating titers of 1:32, 1:512, 1:10 24 and 
1: 2048 corresponded to 0.03, 0.5 1 and 2 units of antitoxin 
per ml. 
Subject 5 
The antibody response in serums of Subject 5 was some-
what slower, and an increase in the hemagglutinating titer 
was not noted before the tenth day, The initial titer of 1:1, 
after a fall to a titer of leas than 1 noted on the fourth 
day , persisted. at 1:1 when determined on the seventh day after 
immunization. The titer was 1:32 on the tenth day and was 
followed by a sharp rise to a titer of 1:512 on the fourteenth 
day. A fall in titer from 1:512 to 1:256 was determined on 
the twenty-fourth day. 
'l'he hemagglutinating titers of 1:1, 1,:32, 1:512 and 1:256 
were equivalent to 0.001, 0.03, 0.5 and 0.25 unit of antitoxin 
respectively. 
Subject 6 
Subject 6 had no basic immunity aa no hemagglutinating 
tit er was noted in the serum obtained before the booster 
immunizati on. Serums taken on the fourth, seventh, tenth and 
fourteenth days thereafter showed the same negative results. 
The hiato~y of Subject 6 was unknown as she had. not been 
Schick tested and was unable to remember any previous immu-
nization against diphtheria. 
Subject 7 
Subject 7 seemed to have a very l ow basic immunity as 
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determined by the serum obtained before the immunization, but 
showed no antibody response within the eighteen days there-
after. The titer of 1:1 before the -immunization corresponded 
to 0.001 unit of antitoxin per ml. On the fourth, seventh, 
tenth and eighteenth days after the immunization only partial 
hemagglutination reactions were observed with the respective 
undiluted serums. It was not likely that the slight reactions 
observed were nonspecific. The subject had been previously 
tested as Schick positive. 
The results from all subjects including both hemaggluti-
nating and antitoxin titers of corresponding bleedings are 
recorded in Table IV. 
It should be noted that the behavior of serums from 
Subjects 2, 3 and 5 was different in comparison with serums 
of Subjects 1 and 4 when they were subjected to simultaneous 
titrations by the hemagglutination technic. When the serums 
of Subjects 2, 3 and 5 were tested before ten days had elapsed 
no hemagglutinating titers could be determ~hed due to a lack 
of the typical agglutination patterns. No such difficulty was 
e~countered with the serums of Subjects 1 and 4. By repeated 
titrations evidence for an inhibition of the hemagglutina.t.ing 
antibody was apparent in the lowest dilutions of these serums. 
The inhibition always extended to the 1:64 dilution and in 
some cases included the next 1:128 and 1:256 dilutions. When 
titrations of th e same serums were repea ted after the ten 
days elapsed this phenomenon was obviated as by this time the 
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serums showed definit e hemagglutinating titers. No evidence 
o f th e source of the inhibition could be ascertained because 
all serums had been treated the same way and kept under simi-
lar conditions. Boyden (2) obtained alight inhibition of the 
formation o f the typical a gglutination pattern in the tubes 
containing the highest concentration of human serums when 
they were tested with sheep red cells sensitized with tuber-
culin· . The inhibition he ascribed to the 1:100 N. R.S . used 
for the diluent. 
CORRELATION OF ANTITOXIN CONTENT S AS DEI'ER.MINE D 
BY HEMAGGLur INAT ION AND INTRA CUT ANEOU.3 RABBIT 
TE3TS 
Diphtheria antitoxin titrationa were carried out by the 
intracutaneous rabbit test* on 5 individual serums used in 
the experiment. The results derived from both the hemaggluti-
nation and the intracutaneous rabbit tests are shown in Table v. 
Inspe ction of t he data revealed that in 4 of the 5 serums 
examined the antitoxin content was lower when determined by 
the rabbit t eat. In 3 serums the difference was within a range 
of 0.19 to 0.8 unit. In 1 serum the correlation was close-
the results differing by only 0.05 unit. For another serum 
the antitoxin value was higher when det e rmined by the intracu-
taneous technic, the difference was 0.0015 unit. 
* Perf ormed through courtesy of Dr. Harry E . Bowen of the 
Massachusetts Department of Public Health Division of 
Biologic Laborat~riea. 
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DI3CUSSION 
Preceding the diphtheria antitoxin measurements in human 
serums, the hemagglutination technic was studied with various 
protein antig ens and their respective antiserums. Diphtheria 
toxoid, human albumin and egg albumin could be adsorbed onto 
human red cells, which had been previously treated with dilute 
solutions of tannic acid, and the protein-sensitized cella 
were agglutinable by the corresponding antiserums in high dilu-
tions. Red cella sensitized with diphtheria toxoid were agglu-
tinable by dilutions of diphtheria antitoxin containing as 
little as 0. 00097 unit per ml. Measurements of diphtheria 
antitoxin titers in human serums after the booster immuniza-
tion with diphtheria toxoid were made possible by employing 
a known diphtheria antitoxin as a reference standard. 
Seven normal subjects submitted to a "booster 11 immuniza-
tion with diphtheria toxoid, and their serums were test ed at 
diff erent intervals within fourteen to eighty-six days ther.e-
after. Increasesin hemagglutinating titers were observed in 
serums of 5 of the 7 subjects. These 5 subjects showed low 
hemagglutinating titers in the serum. specimens obtained before 
the 11 booster 11 thus indicating a certain basic immunity against 
diphtheria; 3 showed the first increase in titer on the seventh 
day; 2 on the third and tenth days; 2 showed a drop from the 
basic titer, which was noted on the second and fourth days 
aft er the stimulus. The hemagglutinating titer in one of the 
5 subjects increased to a peak, which was determined on the 
eighteenth day. After that the titer slowly declined until 
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the eighty-siXth day. In another subject the highest hemagglu-
tinating titer was determined as early as the fourteenth day. 
In every one of the 5 subjects in whom an antibody rise 
was observed the distribution of the hemagglutinating titers 
was characteristic of a secondary antibody response (12). 
One of the remaining 2 subjects bad no basic immunity, 
and no change in titer, as determined by the hemagglutination 
technic, was noticable within fourteen days after the booster 
immunization. The other subject had a very low hemagglutina-
ting titer before the "booster", but the titer did not increase 
during the next eighteen days. It is not likely that the slight 
r eaction observed was nonspecific. 
All hemagglutinating titsrs were expressed in antitoxin 
units when compared .with the titers of a known diphtheria anti-
toxin. 
Five individual serum specimens were titrated by the 
intracut.aneous rabbit method for comparison. In two instances 
the correlation between the antitoxin contents as determined 
by both these methods was close. Generally, antitoxin values 
were lower when det ermined by the intracutaneous method, except 
in one serum for which both values were very low. The lack of 
correlation could probably be explained by the great sensiti-
vity of the hemagglutination methods; however, this sensitivity 
does not always rule out the possibility of nonspecific hem-
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agglutination reactions between minor impurities in the anti-
gen and antiserums. 
The hemagglutination technic used in this work for titra-
ting diphtheria antitoxin enables the estimation of antitoxin 
amounts that are smaller than the Schick sensitivity level, 
which Barr, Glenny and Randall (1) stated to be between 0.002 
and 0.004 unit per ml of a serum. The method is very sensitive 
and proved useful for the determination of the antibody response 
in diphtheria immunization. 
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SUMt.[ARY 
The application of the hemagglutination technic to the 
measurements of diphtheria antitoxin titers in human serums 
has been described. 
Characteristic increases in hemagglutinating titers 
were noticable in serums of 5 immune subjects after the boos-
ter immunization with diphtheria toxoid. No such increases 
were observed in the serums of two nonimmune subjects. 
The lowest amount of diphtheria antitoxin that was 
detect ed by these methods was 0.00097 unit per ml. 
A lack of correlation between antitoxin contents derived 
from the hemagglutination and the intracutaneous rabbit methods 
was indicated in 5 individual serums tested by both these 
methods. This discrepancy was discussed. 
The limitations and general applications of the hemagglu-
tination technic have been illustrated experimentally. 
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TA.ELE I 
EFFJt:CT OF CONCElfrBATION OF FOUR DIPHTHEJiiA TCXOIDS 01~ THill SENSITIVITY OF THE HE!v1AGGLUTINATIOJ.If REACTION 
Diphtheria. Amount of Amount of antitoxin in m1its 
toxoid toxoid in 
Lf* 1 .5 .25 .13** .o6 .03 ,016 .008 ,004 __ _.002 1 001 __. 0005_---00024 .00012 
--
+ + + + + + + + + + + 
50 + + + + + + + + -1- + + + 
+ + + + + + + + + + + 
PT 59 25 + + + + + + + + + + + 
12.5 + + + + + + + + + 
100 + + + + + + + + + + + + + 
+ + + + + + + + + + + + 
50 + + + + + + + + + + + -1- + 
PT 6.5 + + + + + + 7- + + + + 
2.5 + +· + + + + + + + + 
+ + + + + + 
12.5 + + + + + + + + + + 
100 + + + + -I- + + + + + + 
+ + + + + + + + + 
50 + + + + + + + + + + 
PT 67 + + + + + + + + + 25 + + + + + + + + + + 
+ + + -12.5 + + + + -r + + + + 
• per ml of 2 • .5 per cent red cell suspension 
** rounded fieures 
1:'-(\J 
TABLE II 
EFFECT Ol' pH ON THE BE~~GLUTINATION PATTERNS 
pH of diluent in Amount of antitoxin in units 
which sensitized 
Sensitizing dose 
of toxoid in Lf 
ner m1 cells are sus·pended 1 .5 .25 .122__._06*_ ._03_~0].6 _.008 _JQ04 _._Q02_______._Q_QL___.QQQ5 .00024 
pH 7.3 + + +z** +2 +2 
50 Lf pH 6 + +2 +2 +2 +2 
pH 7.3 + + + +2 +z 
25 Lf pH 6 + + +2 +z +2 
unbuffered SS + + +z +z + 
pH 7.3 + +z +z +z -{-
12. 5 Lf pH 6 + + +z +z +z 
unbuffered SS + + +2 + +z 
* 
- This ani following figures are rounded 
** 
Denotes pattern with ragged edge 
+z +2 + + 
+ +z +2 + 
+2 +2 +2 + 
+z +z +z +z 
+z +z +2 + ·') 
'-
-
+z +2 + +z 
+z +z + + 
+z +z +z +z 
+ 
+ 
+z 
+ 
-1-z 
± 
±. 
±. 
+ 
+ 
± 
+ 
+z 
± 
± 
::i:::. 
± 
-
--....... 
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TABLE III 
REPRODUCIBILITY OF THE HEMAGGLUTINATION TEST~ 
RESULTS ON 5 DIPHTHERIA AN'TITOXIN CONCENTRATES 
Antitoxin concentrate 
nwnber 347 349 J56 368 385 
Units per ml 1920 1750 2620 3400 4750 
Units in end, :poi:1t 0 . 00075 0.0007 0.00098 0.0013 0.00087 
Dilutions/Thousands 
1:5 + +* + + .-{- + + -1- + + 
1:10 + + + + + · f- + + + + 
1:20 + + + + + + + + + + 
1:40 + + + + + + + + + + 
1:80 
-1- + -1- + + + + + + + 
1:160 + + + ~1- + + -t- + + + 
l:J20 + + + + + + + + + + 
1:640 + + + -t- + + + + + + 
1:1280 + + + + + + + + + + 
1:2560 + + + ·+- + + + + + + 
1:5120 
-
.....,. + + 
1:10240 
-
* 
All tests performed in duplicate 
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TA.BLE IV 
HEMAGGLUTil~TING AND ANTITOXIN TITERS OF 7 SUBJECTS AFTER A BOOST~R IMM[[~IZAT ION WITH DIPHTHERIA TOXOID 
Subject No , 
1 
2 
3 
4 
5 
6 
7 
Time interval in days between immunization and te..ldng of specimen 
0 2 ) 4 .2 6 z 10 14 18 24 48 68 86 
Hem. titer 32 16 64 64 64 64 64 2048 1024 512 >256 
<512 
Antitoxin .OJ .o16 .o6 .o6 .o6 .o6 .o6 2 1 .5 .> .25 
< 1 
Hem. titer 4 4 64 256 512 1024 
Antitoxin ooL~ 004 .o6 .2~ .5 1 
Hem. titer 1 <1 4 128 128 256 
Antitoxin .oo1 < .oo1 .oo4 .1 .1 .2~ 
Hem. titer 32 32 512 1024 2048 
Antitoxin .03 .03 .5 1 2 
Hem. titer 1 <: 1 1 32 512 256 
Anti toxin • 001 <. 001 • 001 ...... 0:::..)"--__..'""-5 ___ _....~2~5:...._ __________ _ 
Hem, titer - - -
Ant it ox in ..... 
Hem, titer 1 
Antitoxin ,001 
.... 
< 1 
<.oo1 
..... 
< 1 <1 
< .001< ,001 
.... 
<1 
< ,001 
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T.AJ3LE V 
CORRELATION OF ANTITOXIN CONTENTS AS DETERMilmD BY 
HEMAGGLUTINATION AND INTRACUTANEOUS W~BBIT TESTS 
Sub,ject No. Hemagglutination Antitoxin titer Antitoxin titer 
titer in units per ml in units per ml 
(hemagglutination) (rabbit test) 
2 1024 1 0.2 
3 256 0.25 0.2 
4 1024 1 o.6.3-c.s 
5 256 0.25 o.o6 
'7 1 0.001 < 0.0025 
7- II .4(1 <. o.oo1 < 0.0025 
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AB3TRAGr 
Diphtheria antitoxin titers were measured by the hemagglu~ 
tination technic in the serums of 7 normal subjects before and 
after immunization with a small dose of diphtheria toxoid. The 
"booster" dose administered was 1 Lf of fluid diphtheria toxoid. 
Human Group 0 red blood cells treated with tannic acid and 
diphtheria toxoid as the sensitizing antigen were employed in 
the hemagglutination methods. Hemagglutinating tit ers were ex-
pressed in antitoxin units per milliliter of a serum when com-
pared with the hemagglut-inating titer of a known diphtheria 
antitoxin. 
On one of the 7 subjects the experiment was extended over 
a period of eighty-six days after the administration of the 
"booster" dose. The r emaining 6 subjects were tested repeatedly 
during a period of from zero to fourteen or twenty-four days · 
because this t-ime proved to be sufficient for the demonstration 
of a secondary antibody response. In all cas es a blood sample 
was taken before the injection of the toxoid. Schick tests had 
not been done for the last six months, and were avoided before 
beginning the experiment because the Schick toxin could have 
acted as an immunizing stimulus and. interfered with the experi-
ment. 
Five of the 7 subjects who had a certain basic immunity 
against diphtheria, as determined from the serum specimens 
obtained before the immunization, showed definite increases 
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in hemagglutinating titers after the stimulus. In every one 
of 5 subjects in whom an antibody rise was observed the dis-
tribution of the hemagglutinating titers was characteristic 
of a secondary antibody response. 
One of the remaining 2 subjects had no basic immunity, 
and no chang e in titer, as det e rmined b y the hemagglutina-
tion technic, was noticable within fourteen days a f ter the 
boost e r immunization. The other subject had a very l ow hem-
agglutinating titer before the injection of the "booster" 
dose, but the titer did not increase during the n ext ei ghteen 
days. The partial hemagglutination reactions obtained with 
undiluted serums on the fourth, seventh, tenth and eighteenth 
days after the stimulus was injected were considered as non-
specific. 
Five individual serum specimens were titrated by the 
intracutaneous rabbit method. for comparison. In two instance s 
the correlation between the antitoxin contents as determined 
by both these methods was close. Gene~ally, antitoxin values 
were lower when determined by the intracutaneous method. The 
lack of corre lation could probably be explained by the great 
sensitivity of the hemagglutination methods; howeve r, this 
sensitivity does not always rule out the possibility of non-
specific hemagglutination reactions between minor impurities 
in the antigen and antiserums. 
The hemagg lutination technic used in this work enabled 
the estimation of as little as 0 . 00097 unit of antitoxin per 
3 
milliliter of a serum. The method is very sensitive and 
proved useful for the determination of the antibody response 
in diphtheria immunization. 
